Methionine availability during overall amino acid limitation metabolically reprograms cells 13 to support proliferation, the underlying basis for which remains unclear. Here, we construct 14 the organization of this methionine mediated anabolic program, using yeast. Combining 15 comparative transcriptome analysis, biochemical and metabolic flux based approaches, we 16 discover that methionine rewires overall metabolic outputs by increasing the activity of three 17 key regulatory nodes. These are: the pentose phosphate pathway coupled with reductive 18 biosynthesis, and overall transamination capacity, including the synthesis of 19 glutamate/glutamine. These provides the cofactors or substrates that enhance subsequent rate-20 limiting reactions in the synthesis of costly amino acids, and nucleotides, which are also 21 induced in a methionine dependent manner. This thereby results in a biochemical cascade 22 establishing an overall anabolic program. For this methionine mediated anabolic program 23 leading to proliferation, cells co-opt a "starvation stress response" regulator, Gcn4p. 24 Collectively, our data suggest a hierarchical metabolic framework explaining how methionine 25 mediates an anabolic switch. 26 27 30
Introduction 28
Cell growth is expensive, and is therefore tightly co-ordinated with the intrinsic 29 cellular metabolic state. In general, the enormous metabolic costs incurred during growth and Through this biochemical first-principles based reconstruction, we identified and compartmentalized the metabolic response regulated by methionine into a group of key 155 biochemical reaction nodes, as described. Only a few genes involved in classical "central 156 carbon/carbohydrate metabolism" were upregulated in the presence of methionine, and critical for the subsequent formation of all other amino acids, and nucleotides ( Figure 1E ).
Thus, this grouping suggested that methionine induced a PPP-GDH-PLP metabolic node. We processes directly allow critical steps in synthesis of the costliest amino acids and 228 nucleotides. The key, limiting steps in these subsequent synthesis reactions are themselves 229 induced by methionine, collectively setting up a structured anabolic program ( Figure 2C ). 230 These data thus uniquely position methionine as an anabolic cue.
232
The core metabolic response induced by methionine is regulated by GCN4. 233 How might methionine mediate this very specific transcriptional response to induce these 234 metabolic nodes and genes? We reasoned that there must be a methionine dependent 235 activation of a transcriptional regulator(s), which can specifically induce these metabolic 236 genes, including amino acid and nucleotide biosynthetic genes. Further, the methionine effect 237 was strongest in conditions of overall amino acid limitation. While there is currently no 238 known methionine dependent transcriptional regulator that can control these metabolic nodes, 239 there is in fact a well-known master-regulator of amino acid biosynthesis. The conserved 240 transcription factor Gcn4p (Atf4 in mammals) is a transcriptional activator, primarily 241 controlling the amino acid biosynthetic genes during amino acid starvations 40 . Although the 242 activity of Gcn4p has been mainly studied during starvation as a "stress response" regulator, 243 and not in contexts involving increased proliferation, we wondered if a possible connection 244 between methionine and Gcn4p might exist. We therefore first monitored the amounts of 245 endogenous Gcn4p (chromosomally tagged with a C-terminal HA epitope) after a shift to 246 MM, with and without supplementation of different amino acids including methionine.
247 Surprisingly, Gcn4p amounts increased substantially specifically upon methionine 248 supplementation alone (when other amino acids were not supplemented), compared to either 249 MM, or MM supplemented with all 18 other nonSAAs ( Figure 3A ). This observation was 250 independently confirmed using immunofluorescence based experiments ( Figure S5A ). We therefore asked whether Gcn4p was necessary for the increased growth upon methionine 252 supplementation. Notably, the gcn4Δ cells did not show any increased growth in methionine 253 supplemented medium, but instead grew comparably to WT cells in MM ( Figure 3B ). As 254 controls, in all other conditions (lacking methionine, or in RM) the growth of gcn4Δ cells was 255 indistinguishable from the WT cells ( Figure S5B ). Collectively, these data suggest that 256 Gcn4p is necessary for the methionine-mediated growth in otherwise amino acid poor 257 conditions. We therefore hypothesized that the methionine dependent transcriptional 258 response, particularly those related to metabolism, might be mediated by Gcn4p. To address 259 the role for Gcn4p in this anabolic response, we next carried out a comparison of 260 transcriptomes of gcn4Δ cells grown in RM, MM, MM+Met and MM+nonSAAs with wild-261 type cells grown in the respective conditions.
262
We first examined global trends of gene expression (similar to those in Figure 1B ) in 263 the absence of Gcn4p, and compared those to the WT set. Here, the baseline again was gene 264 expression in WT cells in MM. To our surprise, the overall global gene expression trends in 265 the Met set (in gcn4Δ cells) even more strongly resembled the RM set than WT cells (in 266 methionine, from Figure 1B ) ( Figure 3C ). The transcriptional response in all the other 267 conditions (RM or nonSAA) was almost unaffected in gcn4Δ cells compared to WT cells 268 ( Figure 3C ). This paradoxically suggested that in the absence of GCN4, methionine invokes 269 an even stronger transcriptional response, with global trends seemingly resembling a strong 270 "growth state" ( Figure 3C ). We also more closely compared transcriptomes of WT cells with 271 gcn4Δ cells, under the same combination of conditions used earlier, and analyzed our data 272 with the stringent filters used in the previous section. The overall changes in transcriptomes 273 of WT vs gcn4Δ cells are shown ( Figure 3D , Figure S6 , Supplementary file E1). In all 274 conditions except methionine, WT and gcn4Δ cells showed very similar gene expression 275 profiles ( Figure 3D ), suggesting a unique role for Gcn4p in the presence of methionine. To better understand what component of the methionine response was directly induced in a Gcn4p dependent manner, we organized the genes induced in methionine (in the gcn4Δ cells, 278 compared to WT cells in MM) by function. When grouped using GO, we found that a very 279 large number of genes (~200) induced in the presence of methionine, grouped into the 280 general groups of "ribosome/translation", and "nucleotide synthesis" ( Figure 3E , 281 Supplementary file E2). Surprisingly, this representation was even more striking than that 282 seen in WT cells ( Figure 1D ), suggesting a strong "growth signature" in the presence of 283 methionine even in cells lacking Gcn4p.
284
All these data suggested the perplexing observation that cells lacking Gcn4p showed a 285 very strong transcriptional response in MM+Met, and that the signature of this transcriptional 286 response largely remained similar to, but stronger than WT cells in MM+Met. Note however 287 that (as shown earlier in Figure 3B ) Gcn4p was essential for the growth induction due to 288 methionine. These data therefore paradoxically suggested that while the overall "growth 289 signature" response due to methionine remained, and was being further amplified in the 290 absence of Gcn4p, only a small subset of Gcn4p regulated genes may be pivotal for the 291 growth outcome. Do recall that the increased growth in methionine was entirely Gcn4p 292 dependent. We therefore more carefully analyzed the classes of transcripts induced in WT 293 and gcn4Δ cells by methionine (MM+Met set), and separated our functional groupings (based 294 on GO) into two broad bins. One bin represented all genes related to ribosome function and 295 translation (as seen in Figure 1D ), while the other bin separated out the core metabolic genes 296 similar to those classified in Figures 1 and 2 ( Figure 3E ). Strikingly, transcripts of every gene 297 that mapped to ribosome/translation function (from Figure 1D ) was higher in gcn4Δ cells 298 compared to WT cells in the presence of methionine ( Figure 3E ). Contrastingly, transcript 299 amounts of every gene related to amino acid biosynthesis, the PPP and nucleotide metabolism 300 (and related metabolism) was significantly lower in the gcn4Δ cells than in WT cells ( Figure  3E ). Thus, this reorganization revealed that in the presence of methionine, while the induction 302 of the translation machinery genes (which is the "growth signature") was not Gcn4p 303 dependent, the entire methionine induced core anabolic program hinged upon Gcn4p.
305
Methionine induced enzymes in amino acid and nucleotide biosynthesis are Gcn4p 306 dependent. 307 We therefore more systematically examined the methionine and Gcn4p dependent 308 transcription of genes that functionally regulated the PPP-GDH-PLP node, or specific steps in 309 amino acid biosynthesis, which constitute the metabolic hierarchy we have described ( Figure   310 4A). Strikingly, the genes from the PPP, and transamination reactions were strongly 311 downregulated in gcn4Δ cells compared to WT cells in methionine ( Figure 4A ). However, 312 the transcript of the Gdh1 enzyme (required for glutamate synthesis) was only methionine, 313 but not Gcn4p dependent ( Figure 4A ). Next, the transcripts of methionine induced genes 314 encoding the key, rate-limiting steps in multiple branched-chain or aromatic amino acid, and 315 lysine and arginine biosynthesis were also Gcn4p dependent. Finally, while most nucleotide 316 biosynthesis genes were not Gcn4p dependent, the entire methionine induced RNR complex 317 (which is critical for the NTP to dNTP conversion, required for DNA synthesis) was strongly 318 Gcn4p dependent ( Figure 4A ). Collectively, these data suggest that the core anabolic program 319 induced by methionine is Gcn4p dependent.
we predicted that collectively, perturbing this node should have a severe consequence on nucleotide biosynthesis. In principle, this also will reflect flux through the coupled steps of 375 the PPP, glutamate/glutamine synthesis, and the use of intermediates from amino acid 376 biosynthetic pathways for carbon and nitrogen assimilation into nucleotides ( Figure 6A ). The 377 carbon skeleton of nucleotides comes from the PPP, the nitrogen base is directly derived from 378 glutamine/glutamate and aspartate, and glutamate synthesis is itself coupled to NADPH (from 379 the PPP) ( Figure 6A ). Nucleotide biosynthesis is also coupled to histidine and tryptophan 380 synthesis. We therefore adopted a direct estimation of methionine and Gcn4p dependent 381 increases in nucleotide synthesis (similar to the approach in Figure 5 ), predicting an increase 382 in de novo nucleotide synthesis due to methionine, coming from the earlier amino acid 383 precursors. To this end, using a stable-isotope based nitrogen or carbon pulse labelling 384 approach, coupled to targeted LC-MS/MS based measurement of nucleotides, we separately 385 measured the incorporation of the nitrogen and carbon label into nucleotides, as illustrated in 386 Figure 6B and 6C. We observed a strong increase in 15 N-labelled nucleotides upon the 387 addition of methionine, in ~1 hour ( Figure 6B , Table S2 ). Furthermore, this methionine-388 mediated incorporation of 15 N-label in nucleotides was entirely Gcn4p dependent ( Figure 6B   389 and Figure S8 ).
390
Monitoring carbon flux is extremely challenging in a non-fermentable carbon source 391 like lactate (as compared to glucose), given the difficulties of following the labelled carbon 392 molecules. Despite that, like the 15 N-labeling experiments described above, a similar 393 experimental design was adopted to measure the 13 C-label incorporation into AMP ( Figure   394 6C, Table S2 ). We observed a significant increase in 13 C-labelled AMP upon the addition of 395 methionine, and this methionine dependent incorporation of 13 C-label in AMP was not 396 observed in cells lacking Gcn4p ( Figure 6C ). Collectively, these data show a methionine and 397 Gcn4p dependent increase in de novo synthesis of nucleotides, coupling carbon and nitrogen flux that is dependent on the PPP, and glutamate synthesis. Note that the overall kinetics of 399 incorporation of label are entirely in line with the predicted hierarchy. Increased amino acid 400 labels (shown in Figure 5 ) were seen in ~20 min post labelled ammonium sulfate addition, 401 while the nucleotide label increase occurs in ~1 h, subsequent to the observed amino acid 402 label increase. Thus, we directly demonstrate first the synthesis of new amino acids, and the 403 subsequent synthesis of nucleotides, in a methionine and Gcn4p dependent manner.
Discussion
In this study, we show how methionine drives cellular proliferation by rewiring cells 407 to an anabolic state, even under otherwise amino acid limited, challenging conditions. We 408 uncover a regulated, hierarchical activation of metabolic processes by methionine, which 409 leads to overall anabolism. We also present a mechanism of how methionine mediates this 410 anabolic program.
411
Starting with a global transcriptome analysis (Figure 1) , we systematically build the 412 underlying metabolic foundations of a methionine mediated anabolic state switch.
413
Methionine mediates a global transcriptional remodelling in cells, thereby controlling the 414 anabolic program (Figures 1 and 2) . For understanding the core metabolic logic within the 415 transcriptional response to methionine we adopted a biochemical first principles based 416 approach, emphasizing control points at rate or resource limiting biochemical steps, instead 417 of solely relying on standard GO based organization. The organizational metabolic logic that 418 emerged was striking (Figure 1 and 2) . First, methionine positively regulates the PPP (Figure   419 1). The PPP provides the pentose sugar backbones for nucleotides, along with reducing 420 equivalents (NADPH), allowing reductive biosynthesis for a variety of anabolic molecules 1 .
421
For amino acid and nucleotide synthesis, pyridoxal phosphate, which controls all 422 transamination reactions, is also essential 42 , and methionine directly induced this node as well 423 (Figure 1) . Collectively, methionine strongly induced the PPP-GDH-PLP node (Figure 1 ).
424
These three nodes can feed all the subsequent metabolic steps induced by methionine. 425 Furthermore, in these subsequent anabolic nodes (the synthesis of amino acids and 426 nucleotides), methionine only induces the expression of genes that control rate limiting or 427 final steps (Figure 2) . These biosynthetic nodes include those that synthesize what are 428 considered the "costliest" amino acids, namely the aromatic amino acids and the branch chain 429 amino acids (Figure 2) . Notably, essentially every one of these (methionine regulated) steps use cofactors or intermediates from the PPP-GDH-PLP node (Figure 1 and 2) . Thus, it 431 appears that methionine sets up this striking metabolic hierarchy, as illustrated in a schematic 432 in Figure 2C and 6D. 433 Interestingly, the methionine dependent growth and increased activity in most of these 434 metabolic nodes, and thus the overall anabolic program, depends upon Gcn4p (Figure 3 and 435 4). Gcn4p is best understood as a regulator of amino acid biosynthesis during starvation 43 . 436 Indeed, many of the GCN4 targets picked up in our study compare well with the landmark 437 study of GCN4 targets 43 (see Figure S9 and Table S3 ). However, this role of Gcn4p in the 438 presence of methionine in synchronously controlling these key hubs of the PPP, 439 transamination reaction, glutamate biosynthesis, coupled with rate-regulating steps in costly 440 amino acid and nucleotide biosynthesis has not been previously appreciated, and we think 441 this is central to the anabolic program resulting in increased cell proliferation. This is in 442 contrast to the well-studied role for Gcn4p for survival during starvation, allowing a 443 restoration of amino acid levels. Also interestingly, Gcn4p appears to regulate only the core Table S2 . Amino acid measurements were done in the studies with water-soluble, chemically defined diets. VIII. The forced feeding of diets 700 each lacking in one essential amino acid. Arch. Biochem. Biophys. 81, 448-455 (1959) . A) Methionine and cell proliferation during amino acid limitation. Shown are growth profiles of WT cells grown in rich medium (RM) and shifted to minimal medium (MM) with or without the indicated amino acid supplements (2 mM each; nonSAAs indicates all the nonsulfur amino acids except tyrosine). The growth profile with methionine is in blue. B) Global trends of gene expression in RM and methionine supplemented MM. The boxplot shows gene expression levels of transcripts in WT cells grown in MM plus methionine in comparison to the MM set, and compares the expression levels of these genes in the RM or MM plus nonSAAs sets. C) Effect of methionine on a transcriptional program in cells. The heat map shows differences in differentially expressed genes in cells grown in MM plus methionine compared to MM (left column), with cells grown in MM plus nonSAAs compared to MM (right column). D) Gene Ontology (GO) based analysis of the methionine-induced genes. The pie-chart depicts the processes grouped by GO analysis for the up-regulated transcripts between MM plus methionine and MM set. Numbers in the bracket indicate the number of genes from the query set/ total number of genes in the reference set for the given GO category. E) Manual regrouping of the methionine responsive genes into their relevant metabolic pathways, pertinent only to carbon metabolism and central metabolic processes. The pathway map includes individual genes in central carbon metabolism which are induced by methionine (indicating the fold-changes in gene expression). The arrows marked red indicate increased expression across the pathway.
In all panels, data shows mean±SD. * p < 0.05.
Figure 2: Methionine sets-up a hierarchical metabolic response leading to anabolism.
A) Regrouping of the methionine induced genes, focusing on those directly involved in amino acid and nucleotide metabolism. The schematic shows the methionine-responsive genes in various amino acid and nucleotide biosynthesis pathways, along with their foldchanges in gene expression. The requirement of PPP metabolites, NADPH, PLP or glutamate/glutamine (see Figure 1E ) for the individual steps is mapped on to the schematic.
The arrows marked red are the steps induced in the presence of methionine. Note that all gene products induced by methionine in these pathways use PPP intermediates, NADPH, PLP and/or glutamine/glutamate (indicated within grey ovals) in their biochemical reactions. B) A bird's eye-view of the amino acid biosynthesis steps regulated by methionine, with the metabolic costs associated with each step indicated. Each bead (or filled circle) represents a step in the pathway (prepared according to the individual amino acid pathways shown at https://pathway.yeastgenome.org/.) A step is considered expensive (marked red) when it is either the entry or the final or involves ATP utilization or involves reduction. All the rest of the steps are considered inexpensive (marked grey). Methionine induced steps are shown with a yellow fill at the centre of the circle, for the given step. The p-value for methionine dependence of genes encoding the critical, rate-limiting or costly steps in amino acid= 3.8e -09 , and for the other nodes, it is non-significant (Fisher's exact test). C) A hierarchical organization of the methionine mediated anabolic remodelling. Methionine induces expression of genes in the PPP-GDH-PLP node, which provides precursors for the key steps in the biosynthesis of all other amino acids and nucleotides, and these steps are also directly induced by methionine.
Figure 3: The core metabolic response induced by methionine is regulated by GCN4.
A) Gcn4p is induced by methionine. Gcn4p amounts were detected by Western blotting of WT cells (expressing Gcn4p with an HA epitope, tagged at the endogenous locus) shifted from RM to MM, or MM supplemented with the indicated combinations of amino acids. A representative blot is shown. B) GCN4 is necessary for methionine-mediated increased growth. WT and gcn4Δ cells were shifted from RM to MM with or without methionine supplementation and growth was monitored. Also see Figure S5B . C) Trends of gene expression in RM and methionine supplemented MM in gcn4Δ cells. Gene expression levels of transcripts in gcn4Δ cells grown in RM or shifted to MM or MM plus methionine or MM plus nonSAAs were compared to WT MM set. D) Global transcriptional response in the absence of GCN4. The heat map shows differentially expressed genes (log 2 1.5-fold change; p < 10 -4 ) between WT and gcn4Δ cells in the respective growth conditions. E) GO based analysis of the methionine-responsive genes in gcn4Δ cells. A pie chart showing the processes grouped by GO analysis for the up-regulated transcripts between MM plus methionine and MM set in gcn4Δ background. Numbers in the bracket indicate the number of genes from the query set/ total number of genes in the reference set for the given GO category.
F) The metabolic program is GCN4 dependent. Categorization of the GCN4 dependent transcripts in the presence of methionine, as related to metabolism, or translation. The expression level of the methionine-responsive transcripts related to metabolism and translation in WT set (MM plus methionine versus MM) was compared with the gcn4Δ background. The genes related to the metabolic steps described in Figures 1 and 2 are marked with blue circles, while genes related to ribosome biogenesis and function are marked with red circles.
Figure 4: Methionine induced enzymes in amino acid and nucleotide biosynthesis are Gcn4p dependent.
A) GCN4 regulates the metabolic program due to methionine. Regrouping of the GCN4dependent genes based on the PPP-PLP-GDH dependent metabolic nodes. The schematic shows the GCN4-dependent genes (comparison of MM plus methionine set between WT and gcn4Δ) in the PPP, amino acid and nucleotide biosynthesis pathways, along with foldchanges in gene expression. The arrows marked blue in the PPP pathway are the steps downregulated in gcn4Δ cells. The rate-limiting steps in the pathway are marked by asterisk. B) Snz1p, Gnd2p and Gdh1p amounts in WT or gcn4Δ cells, with methionine as a variable. WT and gcn4Δ cells expressing FLAG-tagged Snz1p or Gnd2p or Gdh1p were shifted from RM to MM or MM plus methionine and amounts of these proteins were detected by Western blotting. A representative blot is shown in each case. C) NADP-dependent glutamate dehydrogenase activity with methionine as a variable. Crude extracts of WT cells grown in RM and shifted to MM or MM plus methionine were analysed for intracellular biosynthetic NADP-glutamate dehydrogenase activity. D) Relative nucleotide amounts in the presence of methionine in WT or gcn4Δ cells. WT and gcn4Δ cells grown in RM were shifted to MM (4h) with and without methionine, and the relative amounts of AMP and GMP from metabolite extracts of the respective samples were measured by LC-MS/MS.
In all panels data indicate mean±SD. * p < 0.05, ** p < 0.01, *** p < 0.001.
Figure 5: Methionine increases amino acid biosynthesis in vivo.
A) A schematic showing the experimental design of 15 N pulse-labelling experiment to measure amino acid biosynthetic flux. Cells were shifted to MM with and without methionine, maintained for 3h, and 15 N-ammonium sulfate was pulsed into the medium, and the indicated, labelled metabolites were measured. Also see Table S2 . B) Methionine increases amino acid biosynthesis in a Gcn4p dependent manner. 15 N label incorporation into newly synthesized amino acids in WT and gcn4Δ cells was measured, as shown in the panel A. For all the labelled moieties, fractional abundance of the label was calculated. Also see Table S2 for mass spectrometry parameters.
In all panels data indicate mean±SD. * p < 0.05, ** p < 0.01.
Figure 6: Methionine increases nucleotide biosynthesis in vivo.
A) A schematic showing carbon and nitrogen inputs in nucleotide biosynthesis, and their coupling to the PPP/NADPH metabolism. B) Methionine increases nucleotide biosynthesis in a Gcn4p dependent manner. The WT and gcn4Δ cells treated and pulse-labelled with 15 N ammonium sulfate as illustrated in the top panel. For all the labelled moieties, fractional increase of the incorporated label was calculated, to measure newly synthesized AMP and GMP. (also see Figure S8 for CMP and UMP). C) Methionine enhances carbon flux into AMP biosynthesis. An experimental set-up similar to the Panel B was employed, using 13 C-lactate for carbon labelling. Label incorporation into nucleotides (from +1 to +5) was accounted for calculations. (note: GMP could not be estimated because of MS/MS signal interference from unknown compounds in the metabolite extract). D) A model illustrating how methionine triggers an anabolic program leading to cell proliferation. Methionine promotes the synthesis of PPP metabolites, PLP, NADPH and glutamate (up-regulated genes in the pathways are shown in blue), which directly feed into nitrogen metabolism. As a result, methionine activates biosynthesis of amino acids and nucleotides, allowing the cells to grow in amino acid limiting medium.
In all panels data indicate mean±SD. ns: non-significant difference, ** p < 0.01, *** p < 0.001.
